The flame spray pyrolysis of alcohol-soluble precursors allows the synthesis of mullite-composition nanopowders (average size of ϳ60 -100 nm) that, when annealed carefully, provide processable nano-mullite powders. The powders have been characterized using several spectroscopic and microscopy methods, including thermal gravimetric analysis, differential thermal analysis, diffuse reflectance infrared Fourier transform spectroscopy, and transmission electron microscopy. Preliminary studies on the pressureless-sintering behavior of these powders are presented. Without additives or any efforts to optimize the process, powder compacts could be sintered to relative densities of >90%, with grain sizes of <500 nm at 1600°C.
I. Introduction
M ULLITE (3Al 2 O 3 ⅐2SiO 2 ) is an often-studied material, because of its high melting point (1830°C), low coefficient of thermal expansion (CTE ϭ 4.4 ϫ 10 Ϫ6 -5 ϫ 10 Ϫ6 /°C), low thermal conductivity, high chemical stability, high thermal shock resistance, and excellent creep resistance. [1] [2] [3] [4] [5] [6] [7] [8] [9] All these factors contribute to good high-temperature mechanical properties, especially in composites where mullite serves as the matrix material. 4 For example, SiC-fiber-reinforced mullite composites offer bend strengths of 800 MPa and toughnesses of 29 MPa⅐m 0.5 , in comparison with values of 330 MPa and 1-2 MPa⅐m 0.5 for monolithic mullite. 4, 5 The low thermal conductivity, low density, and low CTE of mullite make it useful for optical applications, e.g., as mid-infrared (3-5 m) windows. 6, 8 Its low dielectric constant (6 -6.7), coupled with a smaller CTE mismatch to silicon (4.4 ϫ 10 Ϫ6 -5 ϫ 10 Ϫ6 /°C) than Al 2 O 3 (7.2 ϫ 10 Ϫ6 -8.8 ϫ 10 Ϫ6 /°C) also make it a valuable material for use in microelectronics packaging and substrates. 2, 6, 9, 10 Unfortunately, the good high-temperature stability (low atomicdiffusion rates) of mullite makes it difficult to process to full density with complete control of both the stoichiometry and microstructure, especially using solid-state reaction methods. Consequently, alternate approaches such as chemical processing in particular, have been explored. Chemical processing permits atomic mixing of the desired components at early stages, unlike traditional processing methods. Thus, several groups recently have used sol-gel processing to form single phase, orthorhombic mullite (o-mullite) at ϳ1250°C. 1, 8, [11] [12] [13] This result represents an improvement in temperature of 400°C, relative to conventional methods.
Sol-gel processing is useful to form powders, coatings, fibers, and high-surface-area microporous materials. Unfortunately, solgel processing is not particularly useful for forming dense monoliths, because of the extensive volume changes involved in converting wet, porous gels to fully sintered, dense monoliths. Furthermore, despite the high chemical homogeneity of sol-gelprocessed powders, low diffusion rates still present an obstacle to achieving high densities with coincident control of microstructure, especially using pressureless-sintering methods.
Polymer-precursor processing represents a complementary approach to sol-gel processing that also provides atomic mixing. This approach also provides access to fibers, films, and microporous materials; however, it also is problematic in processing dense monoliths, because ceramic yields are typically low, which, again, lead to excessive volume changes that thwart efforts to achieve near-net-shape processing with good control of the microstructure. However, polymer precursors can be easily designed to be either melt-or solution-processable, unlike sol-gel precursors; therefore, the opportunity exists to develop powder-filled precursor systems that do not suffer the volume changes of the precursor alone. Hence, the opportunity to fabricate near-net-shaped parts can be improved greatly.
In this regard, we recently described a low-cost mullite precursor that is made by dissolving the products of reactions (1) and (2) in ethyl alcohol:
(1) (2) This atomically mixed precursor readily converts to stoichiometric tetragonal mullite (t-mullite) and then o-mullite at relatively low temperatures.
nanopowders. We also provide results from preliminary efforts to produce dense monoliths through the pressureless sintering of nanopowder compacts.
II. Experimental Procedures (1) Precursor Synthesis
(A) General: All chemicals used in this study were used as-received, except ethylene glycol (EGH 2 ), which was distilled under nitrogen gas before use. EGH 2 was recovered from the synthesis reactions described below and then redistilled and recycled.
(B) Synthesis of Mullite Precursor: The mullite precursor was synthesized using aluminum hydroxide hydrate (Al(OH) 3 (2)). This mixture also was stirred and heated to 200°C under a nitrogen atmosphere. After 3-4 h and the distillative removal of 300 -350 mL of EGH 2 and water, the SiO 2 dissolved and the reaction became clear. When the system was cooled, the product was isolated via filtration and washed with acetone. (This product, and the mullite precursor described below, are now commercially available from Tal Materials.) (E) Mullite: The TEA-Si-egH solution was added to the previously synthesized (TEAAl) 4 solution, stirred, and heated to 200°C under a nitrogen atmosphere to distill off an additional 50 -100 mL of EG. When the system was cooled to room temperature, a clear, viscous, yellow solution resulted. The ceramic yield via TGA in air was 23%. The low ceramic yield (versus a theoretical yield of 28.2%) was likely due to the presence of unreacted TEAH 3 and free EGH 2 . Additional details have been reported elsewhere. 14, 17 To prepare the resulting solution for FSP, it was diluted with 1.9 L of 200-proof ethyl alcohol, which resulted in a 7-wt%-ceramic-yield solution (via TGA).
(F) Powder Synthesis: A schematic of the FSP apparatus used to prepare the mullite powders is shown in Fig. 1 . The apparatus consists of a precursor reservoir, an aerosol generator, a combustion chamber, and electrostatic precipitators. The 7-wt%-ceramic-yield solution of the mullite precursor in ethyl alcohol is pumped (50 mL/min) to the aerosol generator, from a 10 L reservoir, into the combustion chamber. The solution is atomized using oxygen gas to produce an aerosol, which is ignited using methane pilot torches. Combustion occurs at Ͼ2000°C, which produces nano-oxide powder. The powders are collected downstream (at a temperature of ϳ500°C) in parallel electrostatic precipitators (ESPs) at a dc potential of 10 kV. The powder is recovered from the ESPs after 1-2 h. A typical run requires 3-5 h at production rates of 100 -300 g/h (depending on the solids loading of the starting precursor solution), with an ESP collection efficiency of ϳ80%. A detailed description of this method has been reported elsewhere.
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(G) Powder Calcination: Small samples (2-5 g) of FSP mullite powder were calcined at a rate of 10°C/min to 800°C (to remove residual water, carbon, or carbonates (0.1-0.15 wt%, via TGA)) and 1000°C (to fully crystallize t-mullite powder). Powders calcined at 800°and 1000°C were used for most comparative studies. Additional powder samples (1-2 g) were heated at 1200°-1600°C for 2 h for analysis via X-ray diffractometry (XRD) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).
(2) Characterization
The as-processed powders, powders that were calcined at 800°o r 1000°C for 5 h, and sintered compacts (using the method described below) were characterized using various methods. These methods include TGA, differential thermal analysis (DTA), differential scanning calorimetry (DSC), XRD, DRIFTS, gas sorption, wet chemical analysis (for carbon, nitrogen, and hydrogen), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
(A) Gas Sorption: Measurement of the specific surface areas (SSAs) and micropore analyses were conducted at Ϫ196°C (77 K), using a sorption analyzer (Model ASAP 2000, Micromeritics Instrument Group, Norcross, GA) with nitrogen as the adsorbate gas. The samples were degassed at 110°C for 4 h, then at 400°C until the outgas rate was Ͻ5 mm Hg/min (typically 4 h). SSAs were calculated via the Brunauer-Emmett-Teller (BET) multipoint method, using at least five data points with relative pressures of 0.001-0.20. Micropore analyses were conducted using a software package that was supplied with the instrument.
(B) Chemical Analysis: Elemental analyses for carbon, nitrogen, and hydrogen (CHN analysis) were performed using a CHN elemental analyzer (Model 2400, Perkin-Elmer, Norwalk, CT) that was operated at 1000°C (combustion tube) and 640°C (reduction tube) with helium as the carrier gas. Duplicate analyses were performed. The detection limit of the instrument was 0.1%.
(C) Thermogravimetry/Differential Thermal Analysis: Thermal analyses (TGA and DTA) of the mullite precursor and as-collected mullite powders were performed (Model SDT 2960 Simultaneous DTA-TGA, TA Instruments, Inc., New Castle, DE). Gold was used to calibrate the instrument. The measurements (40 mg samples) were performed using Al 2 O 3 crucibles in flowing air (100 mL/min); rates of 10°-50°C/min to 1400°C were used. Calcined Al 2 O 3 (Alcoa, Pittsburgh, PA) was used as a reference.
(D) Particle-Size Analysis: Particle-size distributions were measured using a particle analyzer (Model pK Acoustophor 8000, Pen Kem, Bedford Hills, NY). The analyzer uses an electroacoustic technique that exposes a particle slurry to sound waves. A particle-size distribution is calculated from the attenuation of the sound waves.
(E) X-ray Diffractometry: Powder and compact samples were analyzed by powder XRD, using a rotating-anode goniometer (Rigaku Denki Co., Ltd., Tokyo, Japan). Sintered compacts were ground to a powder (100 mg), using an Al 2 O 3 mortar and pestle. The powder was packed into a glass specimen holder and placed into the goniometer. Scans were measured over a 2 range of 5°-80°at a scan rate of 10°2/min, using increments of 0.05°2 and CuK␣ radiation ( ϭ 1.542 Å); the apparatus was operated at 40 kV and 100 mA. Scans that were used to compare the integrated peak intensities of the (120) and (210) peaks were obtained at a rate of 1°2/min, using increments of 0.05°2. The peak positions and relative intensities of the powder patterns were identified by comparison with ICDD † † data (ICDD Powder Diffraction File Card No. 15-776).
(F) Diffuse Reflectance Infrared Fourier Transform Spectroscopy: DRIFT spectra of the powder and compact samples were recorded on a spectrometer (Model Galaxy Series FTIR 3000, Mattson Instruments, Inc., Madison, WI). Random single-crystal potassium bromide (KBr) (International Crystal Laboratories, Garfield, NJ) was ground using an Al 2 O 3 mortar and pestle. The ground KBr powder was used as the nonabsorbing medium. DRIFTS samples were prepared in air, using the following procedure: (i) 0.5 wt% of analyte was mixed rigorously with ground KBr; (ii) 10 mg of ground sample was added to 200 mg of ground KBr, and this mixture was ground together; (iii) then, 50 mg of this resulting mixture was ground together with 400 mg of ground KBr. Then, the dilute samples were packed into sample holders, leveled off, and transferred to the sample chamber, which was constantly flushed with nitrogen gas. A minimum of 250 scans was collected for each sample, at a resolution of Ϯ4 cm Ϫ1 .
(G) Scanning Electron Microscopy: Grain evolution and growth were examined using an SEM system (Model S-800, Hitachi, Tokyo, Japan) that was operated at an acceleration voltage of 5 keV. The samples were prepared for SEM analysis by mounting the powder and fractured-compact samples on an aluminum stub, using double-sided tape. Then, the samples were sputter-coated with two layers (45°and Ϫ45°off-axis) of Au/Pd for 90 s at a potential of 10 mV, to reduce particle charging. Line-fraction analyses were used to determine the average particle size.
(H) Transmission Electron Microscopy: Powder particles were analyzed at the Microscopy/High Resolution Electron Microscopy (TEM/HREM and SEM) facilities at the University of Cadiz, using a TEM system (Model 2000-EX, JEOL, Tokyo, Japan) that was equipped with a top-entry specimen holder and an ion-pumping system. This TEM system was operated at an accelerating voltage of 200 kV, with a nominal structural resolution of 0.21 nm. Samples were prepared for TEM analysis by dipping a holey carbon copper grid into an ultrasonic dispersion of the mullite powders in hexane.
Micrographs were taken over a range of magnifications. The images were developed chemically; then, the micrographs were digitized, using a charge-coupled device (CCD) camera, and then processed and analyzed using the SEMPER 6 ϩ software package (Synoptics, Cambridge, U.K.). The crystal-size distribution was obtained by measuring the size (longest apparent width) of a large population (ϳ300) of crystals from micrographs that were taken over a range of magnifications.
(3) Compact Processing (A) Pressing of Powder Compacts:
Compacts were formed by loading 1.00 Ϯ 0.10 g of FSP-processed mullite-composition powders or heat-treated powders into a stainless-steel doubleaction die (diameter (d) of 12.75 mm) and pressing in a laboratory press (Model 3912, Carver). No additives or binders were used.
Before final compaction, the powders were granulated as follows. Powder was compacted at loads of 90 or 180 MPa for 10 min in air (i.e., 90 MPa/10 min/air). The compacts were removed from the die and ground with an Al 2 O 3 mortar and pestle. Then, this "granulated powder" was loaded into the die and pressed again at 90 MPa/10 min/air or 180 MPa/10 min/air. The dimensions and mass of the compact were used to obtain green densities. The formed compacts (d ϭ 12.75 Ϯ 0.05 mm, thickness (t) of 3.30 Ϯ 0.30 mm) had a green density ( green ) of 46%-50%, relative to the theoretical density ( theoretical ), for the 90 MPa compacts and green ϭ 42%-44% of theoretical for the 180 MPa compacts. The compacts were sintered subsequently at selected temperatures.
(B) Sintering Conditions: Sintering was conducted in a box furnace (Model 58114, Lindberg/Blue, Watertown WI) that was controlled by a microprocessor (Model 818P, Eurotherm, Northing, England). Powder compacts were heated at ramp rates of 5°-50°C/min to 1600°C and held for selected times (2-24 h). The sintered mass and size were used to determine the sintered densities. These values were corroborated with values obtained using the Archimedes method.
III. Results and Discussion
In the following sections, we first discuss the synthesis of flame spray pyrolysis (FSP) powder and powder characterization. Then, we discuss preliminary studies on the processing and sintering behavior of powder compacts.
(1) Flame Spray Pyrolysis
The nanopowders used below were produced via FSP of the precursors from reactions (1) and (2) that were dissolved in ethyl alcohol. In the FSP process, ethyl alcohol solutions that contained 7 wt% ceramic (as a precursor) were ultrasonically aerosolized with oxygen in a quartz combustion chamber, as illustrated in Fig. 1 , and ignited. The ensuing combustion results in flame temperatures of 1600°-2000°C, depending on the solvent, precursor loading, and rate of aerosolization.
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Combustion of the precursor forms metal-oxide vapors that likely consist of gaseous atoms, ions, and molecular-oxide species (e.g., MOO "monomers," Ͻ5 Å in size), which co-react to form clusters (e.g., (MOO) x , where x Ϸ 10; Ͻ5 nm in size) that then coalesce to form larger particles (Ͼ10 nm in size). 18 -20 These particles, in turn, form aggregates and agglomerates. A general process is suggested in Fig. 2 .
Although gas-phase reactions can generate multimetallic oxides, 21 the production of homogeneous materials is often difficult if the various gaseous species have different condensation rates. These differences occur because the vapor pressures of the gaseous species and/or the surface energies of the condensed oxides differ greatly and thereby affect which materials nucleate and grow from the multiple species present. 22 One component often nucleates first, and the other component(s) may nucleate subsequently on the surface of existing particles or as new, single-component particles. 22 The result can be nonstoichiometric, inhomogeneous powders, even for nanoparticles.
For example, Chung et al. 18 produced Al 2 O 3 and SiO 2 particles via the counterflow diffusion flame combustion of AlCl 3 and/or SiCl 4 . In this process, a flow of oxygen/nitrogen gas is directed against a flow of AlCl 3 or SiCl 4 /H 2 /N 2 . The impinging gas streams are ignited by a flame burner and flow outward. The combustion of SiCl 4 and AlCl 3 together produces particles with a mullite (3Al 2 O 3 ⅐2SiO 2 ) composition. Mullite-composition powders produced at 2000°C were amorphous agglomerates that consisted of primary particles 20 -30 nm in size. At Ͼ2250°C, the particles were spherical agglomerates 150 Ϯ 20 nm in size (according to light scattering; 150 nm according to TEM analysis) that were composed of poorly crystalline mullite and spinel, again consisting of primary particles 20 -30 nm in size.
In situ light scattering, which was used to measure the particle size and number density (abundance), showed that the mullitecomposition particles formed at the same location in the reactor (6.5 mm from the flame center) as that when only AlCl 3 was used to make Al 2 O 3 particles. Thus, Chung et al. 18 suggested that mullite-composition particles may nucleate from AlOO clusters ((AlOO) x ).
Chung et al. 18 also discussed four possible stages for particle growth as the reactant gases, and then gaseous species, flow † † International Center for Diffraction Data, Newtown Square, PA (formerly Joint Committee on Powder Diffraction Standards (JCPDS), Swarthmore, PA).
toward the flame. In the first stage (farthest from the flame), particles form from the Al 2 O 3 vapor, with sizes that increase from 60 nm to 130 nm, with coincident decreases in number density from 2 ϫ 10 8 /cm 3 to 2 ϫ 10 7 /cm 3 , which suggests growth via coagulation. Agglomerated particles form via coagulation when the rate of fusion is too slow to produce spherical particles. 23 During the second stage (closer to the flame), Al 2 O 3 "particles" continue to grow to a size of ϳ170 nm as the particle number density increases to 5 ϫ 10 8 /cm 3 . The increase in number density likely results from the generation of agglomerated SiO 2 "particles" from the SiO 2 vapor, which condenses in the reactor closer to the flame center (3 mm vs 6 mm for the Al 2 O 3 "particles"). Normally, one would expect SiO 2 to condense at lower, not higher, temperatures (the condensation temperature of Al 2 O 3 is 2470°C at a pressure of 2.7 kPa; the condensation temperature of SiO 2 is ϳ1800°C at the same pressure). 24 However, the hydrolysis of AlCl 3 occurs at lower temperatures than that for SiCl 4 , which results in an earlier formation of Al 2 O 3 particles. This observation suggests that MOCl hydrolysis is the rate-limiting step in particle formation.
SiO 2 vapor also can condense on existing Al 2 O 3 and SiO 2 "particles." The SiO 2 -coated Al 2 O 3 "particles" thus formed, and vapor-derived SiO 2 "particles," can grow via coagulation. Therefore, "particle" growth in the second stage results from both condensation and coagulation.
The third stage proceeds with the further generation of new "particles" via the nucleation of SiO 2 vapor, further increasing the number density to 5 ϫ 10 9 /cm 3 ; however, the fusion of previously formed agglomerates decreases the average "particle" size to 75 nm. This observation implies that light-scattering techniques are measuring the agglomerate size rather than primary particle size. In the last stage, particles grow to 170 nm via coagulation and the particle number densities decrease to 7 ϫ 10 8 cm 3 .
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Related literature on the processing of ultrafine mullitecomposition powders describes the formation of other phases in addition to, or before, the formation of t-mullite. Moore et al. 25 spray-pyrolyzed aqueous Al(NO 3 ) 3 ⅐9H 2 O and fumed SiO 2 mixtures (7 wt% ceramic) by passing the solutions through a tube reactor that was heated to 900°C, then in a second pass to Ͼ1400°C, with residence times of 15 and 30 s, respectively. No efforts were made to reduce the particle sizes, which ranged from 100 nm to 4 mm (600 nm on average) with SSAs of 6 -7 m 2 /g. XRD studies revealed that powders produced at Ͼ1400°C, with a 30 s residence time, were primarily amorphous with some ␥-Al 2 O 3 . Powders produced at 1600°C, with a residence time of 30 s, were phase-pure mullite. The particle sizes of the 1400°and 1600°C powders were not differentiated.
Suzuki et al. 26 used sol-gel processing (with Si(OEt) 4 / Al[OCH(CH 3 ) 2 ] 3 /isobutyl alcohol) to produce powders that crystallized to Al-Si spinel at 980°C (according to XRD, DTA, and TEM) and then to phase-pure mullite at Ͼ1200°C (according to XRD) (probably o-mullite, although it was not mentioned). This behavior is typical of an inhomogeneous, single-phase precursor. A small percentage of hard agglomerates were formed. Heating at 1100°C produced particles 6 -11 nm in size (according to TEM) and 11-21 nm in size (according to BET analysis (SSAs ϭ 89 -167 m 2 /g)). After conversion to mullite at 1500°C (XRD), SSAs were 6 -38 m 2 /g and the final particle sizes were 50 -320 nm, according to BET. The particles seemed be agglomerated.
Ge et al. 27 also used the sol-gel method (with Al(NO 3 ) 3 ⅐9H 2 O/ Si(OEt) 4 /EtOH) to process submicrometer mullite powders (100 nm-1.5 m, with an average size of 560 nm), using HNO 3 as a catalyst. A single-phase gel that converted to t-mullite at 980°C (according to XRD) was formed. If NH 4 OH was used as a catalyst, particles with an Al 2 O 3 -rich core and a SiO 2 shell precipitated. No explanation was given for this behavior. When the powders were heated to 980°C, they were X-ray amorphous, with some Al-Si spinel. XRD studies showed a conversion to mullite at 1200°C, which was consistent with an inhomogeneous, single-phase material. When powders were produced using a CH 3 COONH 4 catalyst, a diphasic precursor formed, likely due to segregation of the Al and Si species. XRD studies revealed the presence of the following compounds: after heating to 980°C, amorphous powders, with some mullite and ␥-Al 2 O 3 ; after heating to 1200°C, mullite and some ␣-Al 2 O 3 ; and after heating to 1300°C, phase-pure mullite.
The above-mentioned literature provides context for a discussion of particle formation in FSP-generated mullite-composition nanopowders. Several particle-formation scenarios are possible that are most easily identified by the behavior of the as-processed mullite powders when they are heated. Consider, for example, the behavior of nanopowders wherein Al 2 O 3 and SiO 2 particles nucleate and grow separately but coincidentally, with limited co-condensation. These materials should exhibit diphasic behavior when heated, as observed by Ge et al. 27 When these powders are heated, the first phase transformations to be observed will be the crystallization of mullite, ␥-Al 2 O 3 , and/or a spinel phase at Ͻ1000°C, followed by the crystallization of more mullite and ␣-Al 2 O 3 at Ͼ1200°C, with full crystallization to mullite at ϳ1300°C. Similar diphasic behavior might be expected for coreshell particles wherein Al 2 O 3 cores form first, based on Chung et al., 18 followed by SiO 2 coatings. One potential issue is whether the diffusion distances in the core-shell particles are sufficiently great to cause diphasic behavior.
A less-extreme particle-formation process would produce particles with only partial segregation (or partial mixing). For example, one might expect Al 2 O 3 clusters to form first and then nucleate growth of a co-condensed phase simply because there are more Al 2 O 3 species in the gas phase. For particles of this type, one might expect to see behavior similar to that observed by Suzuki et al., 26 wherein the typical exotherm at 980°C leads to the crystallization of t-mullite and/or a spinel phase, followed by phase-pure mullite at Ͼ1200°C.
The most-desirable processing scenario is one in which complete mixing is obtained. If this scenario occurs, then three possible FSP outcomes can be expected: (i) particles form and crystallize in the form of mullite (o-and/or t-mullite), (ii) partial crystallization occurs, and (iii) amorphous powders are produced. In the latter two instances, a typical exotherm, which corresponds to the formation of t-mullite (Si:Al Ϸ 1:5) and nano-segregation of SiO 2 , will be observed at 980°C. Then, the crystallization of o-mullite (Si:Al Ϸ 1:3) will occur at Ͼ1200°C, as observed for atomically mixed, precursor-derived materials.
14,28,29 As discussed below, partially crystalline powders are produced.
Of the above-cited literature, the efforts of Chung et al. 18 are most similar to the FSP processing of n-powders; however, considerable differences remain. For example, FSP combusts metal alkoxides; therefore, combustion only needs to strip away the organic components to generate gas-phase SiOO and AlOO species. Thus, the distribution of SiOO and AlOO species in the gas phase should be similar to the initial composition in the solution phase. Furthermore, combustion heats the precursor species directly to the highest temperature, followed by a very steep (Ͼ1500°C) quench. 15 In contrast, counterflow diffusion flames heat the precursor to increasingly higher temperatures under conditions where rapid quenching is not observed. Thus, the particle-formation processes may be entirely different. Given these perspectives, we can now discuss the characterization of the as-processed FSP mullite-composition powders.
(2) Surface Area Analysis
BET analyses of as-processed powders give SSAs of 43 Ϯ 1 m 2 /g (for a grouping of five samples). BET SSAs and a density of 3.156 g/cm 3 were used to calculate an average particle diameter (D BET ) of 44 Ϯ 2 nm. The SSA of heated, uncompacted powder decreases from 43 m 2 /g at 600°C to 0.4 m 2 /g at 1600°C. The loss of surface area on heating is indicative of grain growth, as confirmed by SEM studies. Table I lists the calculated D BET values of crystallized samples (from 50 nm at 900°C for 10 h to 5.2 m at 1600°C).
(3) Wet Chemical Analysis
CHN analyses give values below the detection limits (Ͻ0.1 wt%) of the instrument for as-processed powders. Thus, only trace impurities are likely present at the powder surfaces.
(4) Thermal Analyses
The DTA profile (not shown) of as-processed powder (10°C/ min/air) reveals only one event: an exotherm at 980°C. The absence of any other exotherms suggests that the precursor is single phase and forms t-mullite directly, as also corroborated by XRD and FTIR studies. However, increasing the ramp rates to 30°-50°C/min retards the nucleation of mullite to 1005°C. To the best of our knowledge, this is not an overshoot phenomenon, because it is observed in the sintering studies described below.
The DTA results are similar to those observed by Kansal et al., 14 although they reported the formation of t-mullite at 990°C using polymer-precursor-derived powder. The conversion to t-mullite observed here, using as-processed mullite-composition n-powders (derived from the same polymer precursor used by Kansal et al. 14 ) , happens at a temperature that is 10°C lower than the Kansal et al.
14 data. These differences may not be significant, although the lower crystallization temperature may indicate higher purity levels (the chemical analysis in the earlier studies shows that a trace of carbon was present).
(5) Particle-Size Distribution
The particle-size analysis of as-processed powders (no milling necessary) was obtained using electro-acoustic methods (see the experimental section). This particle-size analysis shows a broad log-normal size distribution (Fig. 3 ) between 10 nm and 1 m.
The average particle size was ϳ80 nm. The log-normal size distribution argues against the presence of agglomerates; however, TEM analyses indicate that many particles actually consisted of primary particles that were joined to other primary particles by one or two necks. Thus, the particle size that was determined from the electro-acoustic particle-size distribution matched that determined through TEM studies. The particle size that was determined by SSA (D BET ) gives an average particle size of 44 nm, which follows from the necking that was observed via TEM (see Figs. 4 and 5) . The observation of a few necks suggests that the particles had time for only one or two collisions at or above the fusion temperatures, 
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Flame Spray Pyrolysis of Precursors as a Route to Nano-mullite Powderbefore quenching was effective. These results also suggest that the particles might be partially or fully melted at some point in the flame. Note that no change in the particle-size distributions occurred after annealing. Barringer et al. 30 claimed that narrow particle-size distributions (10 -500 nm, with an average particle size of 80 nm) are critical to the retention of a fine-grained structure in sintered compacts. This size range is suggested, to permit the formation of uniform green bodies that sinter without significant particle rearrangement (which leads to grain growth). Uniform powders, in turn, inhibit grain growth, because of the absence of particles with lower surface energies.
(6) X-ray Diffractometry
Powder XRD studies were used for phase identification and estimation of the particle size. XRD patterns of the as-processed and calcined powder samples (see Fig. 6 ) show that the asprocessed powder exhibits traces of crystallinity, which is consistent with mullite formation (in agreement with the TEM studies); however, the powder is primarily amorphous. When the powders are heated, they first convert to fully crystalline t-mullite at 1000°C (ICDD Powder Diffraction File Card No. 15-776). The conversion to t-mullite is corroborated by the DRIFTS data given below and follow from our earlier work and that of other researchers. 14, 29, 31 XRD studies also were conducted to trace the conversion of t-mullite to o-mullite. Figure 7 shows the splitting of the (120) and (210) peaks at 26.15°2 in t-mullite (which forms on heating to 900°C for 10 h) into 25.97°and 26.26°2 in o-mullite. The splitting of this peak was used to estimate the percent conversion of the tetragonal phase to orthorhombic phase, per Thomson et al. 29 The ratio of integrated peak intensities for the (120) and (210) peaks (at 25.97°and 26.26°2, respectively) for ICDD Powder Diffraction File Card No. 15-776 was used as a reference (mullite crystallized at 1600°C). These calculations indicate that the 1000°C sample is 100% tetragonal. No peak splitting seems to have occurred, although the very small crystallite size (very broad peak(s)) may hide the presence of some orthorhombic phase. At 1200°C, the sample seems to be Ͼ90% orthorhombic. Assessment of the 1400°C sample suggests that it also is Ͼ90% orthorhombic, with the 1600°C samples being 100% orthorhombic phase. We note that, because of the crystallite sizes, the differences between the 1400°C sample and the 1600°C sample may be too small to distinguish between 100% and Ͼ90% orthorhombic phase. Thus, at 1400°C, conversion may be complete. Additional work is necessary to establish this possibility.
The absence of a spinel phase (such as that detected in single-phase precursors produced via sol-gel routes) 32 indicates a high degree of homogeneity, which likely is due to better atomic mixing that is provided by the polymer precursor. Despite this observation, complete conversion to o-mullite does not occur until 1400°C, when the (120) and (210) peaks split from 26.15°2 in the tetragonal phase to 25.97°and 26.26°2, respectively, in the orthorhombic phase, per Li and Thomson.
29(b)
The crystallite sizes, according to XRD (D XRD ), were calculated using the diffraction peak of the (120) plane (2 ϭ 26.15°for samples heated at Յ1200°C, 2 ϭ 26.26°for samples heated to Ͼ1200°C) from ICDD Powder Diffraction File Card No. 15-776 and the Debye-Scherrer equation. 33 The D XRD values of the heated samples are listed in Table II. The mean crystallite size (D XRD , after 1000°C for 5 h) for nanosized t-mullite, as calculated from XRD line-broadening methods, was 36 Ϯ 2 nm. The D BET value, after heating at 1000°C for 5 h, as calculated from the SSA, was 51 Ϯ 3 nm. Note that the TEM studies (Fig. 5) show that the particles have rough surfaces, which could explain the disparity in the two techniques. These results are better than the mean particle size that was determined from particle-size-distribution analyses, which actually gave size distributions for the necked particles.
(7) Diffuse Reflectance Infrared Fourier Transform Spectroscopy
The DRIFTS analysis of the as-prepared, calcined, and crystallized nano-mullite (Fig. 8) show a tetragonal-to-orthorhombic mullite transformation that occurs at the same temperatures as those observed in the XRD studies. A standard mullite IR spectrum consists of tetrahedral AlO 4 (AlOO) vibrations at 740 and 830 cm 
(8) Bond Vibrations
(A) AlO 4 (AlOO): Vibrations due to AlO 4 tetrahedra appear at 830 cm Ϫ1 (literature value) in the as-processed nanomullite-composition powder and remain present in samples that have been heated to higher temperatures. A well-defined band at 740 cm Ϫ1 , typical of AlO 4 (AlOO) vibrations, develops when the powder is heated to 900°C for 10 h, coincident with the conversion to t-mullite. This band appears with the crystallization of t-mullite, as also corroborated by the above-discussed XRD data.
Both bands intensify as crystallization continues during heating at 1000°C for 5 h and then become fully resolved when the conversion to o-mullite occurs at temperatures of Ͼ1200°C. The above-described results differ slightly from those of Kansal et al., 14 who observed a broad envelope that was centered at (120) and (210) peaks, respectively) during phase transformation from tetragonal mullite to orthorhombic mullite. At 1200°-1400°C, the samples are 94% orthorhombic; at 1600°C, the sample is 100% orthorhombic. 
cm

Ϫ1
, because of a combination of AlO 4 and AlO 6 (AlOO) vibrations, which shifts to 720 cm Ϫ1 at 900°C, then to 740 cm Ϫ1 (literature value) at 1000°C, where it intensifies on heating to 1300°C. The absence of the broad envelope at 700 cm Ϫ1 in the nano-mullite powders may again be attributed to the fact that they have already been exposed to a temperature of 2000°C.
(B) AlO 6 (AlOO): In the as-prepared powder, bands at 530 -680 cm Ϫ1 that are attributable to octahedral (AlOO) vibrations are absent. When the powder is heated at 900°C for 5 h, a (AlOO) band appears at 600 cm O1 , indicating formation of octahedral AlO 6 chains in t-mullite. This band continues to sharpen and intensify on further heating.
(C) SiO 4 (SiOO): The band located at ϳ1100 cm Ϫ1 in samples that have been heated at 900°C for 10 h is attributed to tetrahedral SiO 4 (SiOO) vibrations, such as those observed for SiO 2 , as also reported by Kansal et al. 14 When the powder is heated at 1000°C for 5 h, the 1100 cm Ϫ1 band sharpens as the formation of Al 2 O 3 -rich t-mullite forces SiO 2 to segregate out. At higher temperatures, the 1100 cm Ϫ1 band splits into two bands, at 1170 and 1120 cm Ϫ1 , which is typically observed for o-mullite formation as the segregated SiO 2 is readsorbed. 34 -36 (9) Transmission Electron Microscopy TEM was used to elucidate crystallite size and shape, indexmatch the phases, and identify phase segregation. A TEM micrograph of as-processed mullite particles that exhibit a small degree of crystallinity is shown in Fig. 9 . The selected-area diffraction (SAD) patterns and interplanar distances of 3.26 and 2.92 Å are consistent with the (120)/(111) planes of mullite (see Table II ). Note that differences of Ͻ15% in the d-spacings are acceptable when index-matching the measured interplanar distances using high-resolution transmission electron microscopy (HRTEM). 37 For the as-processed mullite powder, the SAD pattern (see The TEM micrograph in Fig. 11 shows samples that were heated at 1000°C for 5 h. All the particles have exactly the same orientation, which suggests epitaxial crystallization. The SAD Fig. 8 . DRIFT spectra of as-processed mullite-composition nanopowders heated to selected temperatures for selected times ("temperature/time/air" notation has been used). Following the above-described characterization, we conducted preliminary densification studies, using simple powdercompaction methods.
(10) Densification
Compacts were pressed using (i) powders pretreated at 800°C for 5 h, to remove trace amounts of surface contaminants ( e.g., carbon), without initiating crystallization, and (ii) powders pretreated at 1000°C for 5 h, to crystallize t-mullite. Compaction was performed without binder or sintering aids, to minimize the effects of additives. The object of these studies was to establish baseline conditions that would allow more-detailed studies to be conducted at a later date. Our preliminary goal was to identify processing windows that offered the most potential for full densification with minimal grain growth.
Powders were compacted (12.7 mm ϫ 2 mm) at loads of 90 or 180 MPa. All the compacts were sintered to 1600°C, at varying ramp rates, and held at that temperature for 2 h (10°C/min to 1600°C for 2 h). Lower temperatures did not permit full densification, because of the low self-diffusion rates of mullite. Density measurements first were calculated using mass/volume measurements, and then via the Archimedes method. Powders compacted at 180 MPa attained densities that were similar to powders compacted at 90 MPa. Thus, all further studies were conducted using compacts that had been pressed at 90 MPa.
In sintering studies on yttrium aluminum garnet (YAG) fibers, we established that grain growth competed quite strongly with densification in a system that was known to have low diffusion 
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Flame Spray Pyrolysis of Precursors as a Route to Nano-mullite Powderrates. 38 We found that increases in ramp rates allowed densification to compete with grain growth, which allowed full densification with modest control of the grain size. On this basis, and given the low diffusion rates for crystalline mullite, we explored the effects of ramp rates on densification.
The densities of compacts that have been sintered at various ramp rates are shown in Fig. 12 . For the samples that have been calcined at 800°C for 5 h, the densities do not change significantly when the ramp rates increase from 5°C/min (relative density of 91%) to 10°C/min (relative density of 90%). Then, the densities decrease as the ramp rates are increased further to 50°C (relative density of 77%). For the samples that have been calcined at 1000°C for 5 h, the relative densities remain in the range of 89%-93% for ramp rates in the range of 5°-50°C/min, although the highest densities were obtained with ramp rates of 10°-15°C/min.
Several explanations for this behavior are possible; however, without the extensive studies that are planned in the future, a detailed discussion of all the possibilities is not realistic. Two salient points must be considered. First, the material that was heat-treated at 800°C is mostly amorphous but transforms to t-mullite and then o-mullite as the compacts are ramped to 1600°C. In addition, heating the nanopowders at 900°C for 5 h does not promote crystallization, whereas heating for 10 h (Fig. 6) does. This observation suggests that nucleation is slow; however, once it does occur, crystallization is rapid.
Given these observations, it is possible to suggest that, at sufficiently high ramp rates, partial sintering occurs before crystallization. Thus, some surface area is lost in the formation of necks, etc. However, at some point, nucleation occurs, which results in rapid crystallization and a decrease in diffusivity. The loss of surface area, coupled with the lower diffusion rates, would be expected to lead to lower final densities. Support for this scenario comes from the TEM image in Fig. 11 , where epitaxial crystallization is observed, which suggests that one nucleus has formed and crystallization has occurred through the particle necks.
Still, other possible explanations exist. If we compare the TEM images in Figs. 4 and 5, the particle surfaces of the material that was heated at 1000°C for 5 h are visibly roughened, possibly as a result of the crystallization process. Roughening may lead to increased surface area not detected via BET analysis, which might aid in densification. However, more work must be done to understand the events that actually occur.
In contrast to the 800°C materials, the compacts that have been heated at 1000°C for 5 h are already crystalline. Thus, competing transformation processes will not inhibit densification and, within the error limits of the measurements, the densities that are observed at all heating rates are very similar (ϳ90% of theoretical). We believe that these values are quite good for powder compacts that have been pressureless-sintered and produced without compaction aids. In future studies, we hope to improve on these results through the use of precursor binders. The possibility that microstructural evolution can be controlled remains to be determined.
(11) Scanning Electron Microscopy
SEM was used to examine the effects of sintering on microstructural evolution. Micrographs of fresh fracture surfaces of compacts (90 MPa) are shown in Fig. 13 . These micrographs suggest that failure occurs via intergranular, rather than crossgranular, fracture. Again, more-detailed studies, using more samples, are required to fully delineate the fracture process. Fig. 12 . Density of mullite compacts prepared from powder calcined at (ࡗ) 800°C for 5 h or (Ⅲ) 1000°C for 5 h (each compacted at 90 MPa), sintered at various ramp rates to 1600°C for 2 h. Fig. 13 . SEM micrograph of compacted, sintered nano-mullite powders (powder treated at (a) 800°C for 5 h in air (92% dense), and (b) 1000°C for 5 h in air (91% dense)). Each powder was compacted at 90 MPa, and then each compact was heated to 1600°C for 2 h in air.
Following heat treatments at 1600°C and conversion to o-mullite, the grain sizes are 300 -420 nm (via line-fraction analysis). These values are quite reasonable for initial efforts; however, we believe that, with better control of the FSP process, even-smaller average particle sizes can be obtained, which, in turn, will provide better control of both densification and microstructural evolution.
IV. Conclusions
Ultrafine mullite (3Al 2 O 3 ⅐2SiO 2 ) particles were produced successfully via the flame spray pyrolysis of a polymer precursor. Powder production rates were 100 -300 g/h. The formation of ultrafine particles occurs via combustion of the reactants to form metal-oxide vapors, which then form clusters that, in turn, form particles that grow to Ͼ10 nm in size. The resulting powders (40 -80 nm) were amorphous (according to X-ray diffractometry (XRD)) and converted to tetragonal mullite (after heating at 900°C for 10 h) and then orthorhombic mullite (after heating to Ͼ1300°C). The BET particle surface area (43 m 2 /g) decreased (to 0.4 m 2 /g) when the samples were heated to 1600°C. Diffuse reflectance infrared Fourier transform spectroscopy corroborated the phase transformations that were observed in the XRD studies.
Nano-mullite particles were calcined at 800°or 1000°C for 5 h, then compacted at 90 or 180 MPa and sintered at 1600°C using various ramp rates. Compacts with a final density of 91% Ϯ 2% of the theoretical density and grain sizes of Ͻ420 nm were obtained.
